ABSTRACT Inconel 718 has been taken as the difficult-to-machine material for manufacturing aerial turbine disk due to its superior high-temperature resistance and high hardness. Massive heat flux generated at the tool-chip interface, and high tool temperature can induce severe tool wear in cutting Inconel 718 with cemented carbide tool. Determining the generated heat flux and tool temperature in the cutting process is crucial to illustrate the tool wear mechanism. However, there is a shortage of method for integrated estimation of the heat flux generated at the tool-chip interface and temperature distribution within the tool in cutting Inconel 718. In the current study, the one-dimensional inverse heat conduction model was proposed for the integrated prediction of generated heat flux and tool temperature. First, the heat flux generated at the toolchip interface was inversely calculated with the measured rake face temperature. The heat flux generated at tool-chip interface and heat flux dissipated into tool were increased with cutting speed. Then, the temperature distribution within the cemented carbide tool was determined with the derived analytical solution. Temperature interval between rake face temperature and reverse surface temperature was increased with cutting speed. Finally, the predicted heat flux values were verified accurate with the relative error of less than 3% compared with the research results from the modified Merchant's chip formation model. The proposed model can be used for predicting heat flux and temperature distribution for other tool and workpiece pairs.
I. INTRODUCTION
Inconel 718 is commonly applied for manufacturing aerial turbine disk due to its superior high-temperature resistance, high thrust-weight ratio and good corrosion resistance [1] . For the low thermal conductivity and high hardness of Inconel 718, massive heat flux is induced at the interface between the moving chip of Inconel 718 and rake face of cemented carbide tool [2] , [3] . The massive generated heat flux, and high tool temperature can cause severe tool wear to decrease tool life [4] , [5] . Determining the generated heat flux and tool temperature is crucial to illustrate tool wear mechanism [6] , [7] .
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The generated heat flux can be predicted from two ways. The first way is to predict the generated heat flux by calculating the friction work at the interface between moving chip and tool rake face, which can be calculated with the modified Merchant's chip formation model [8] . The solution process of modified Merchant's chip formation model is depicted in the Appendix. Ghani et al. [9] utilized the modified Merchant's chip formation model to calculate the heat flux generated at tool-chip interface in cutting process of H13 steel with CBN tool. They confirmed that this model can well predict the heat flux generated in dry cutting process.
The other way is to predict the generated heat flux by measuring surface heat conduction rate, which is derived from the variation of surface temperature with time. Mzard et al. [10] , [11] calculated the generated heat flux with the measured surface temperature variation. The surface temperature variation with time was measured with infrared thermometer. The generated heat flux was determined by the step change of surface temperature variation with the onedimensional semi-infinite medium solution and Duhamel' superposition integral. Samadi et al. [12] calculated the heat flux dissipated into tool body in finite element (FE) model with the sequential function specification method. The dissipated heat flux was estimated with inverse algorithm. The calculated results showed that the temperature-dependent thermo-physical properties of material should be considered to determine the generated heat flux. Huang and Lo [13] predicted the heat flux distribution in cutting tools with FE model established by Ansys CFX 4.4. The predicted heat fluxes were determined with the inverse algorithm of steepest descent method. The temperature-dependent thermo-physical properties of material were considered to obtain better prediction accuracy.
Some researchers have predicted the temperature distribution within tool body. Komanduri and Hou [14] determined the generated heat flux with the modified Merchant's chip formation model. The temperature distribution within tool body was obtained with the moving heat source method through complex solutions. Shanet al. [15] proposed a modified model for determining tool temperature in machining Ti6Al4V based on Komanduri-Hou model and Huang-Liang model [16] . The tool temperature was determined with the moving heat source method considering the tool-chip heat partition coefficient. The model was verified accurate with the interval temperature measured with the embedded thermocouple in dry orthogonal cutting experiment. Zhao et al. [17] predicted temperature distribution within cemented carbide tool with one-dimensional heat transfer model by applying constant temperature on tool rake face. The proposed method was verified convenient and valid with the simulating experiment.
However, the surface temperature variation is hard to be accurately recorded with duration time. Thus, the generated heat flux is with difficulty to be inversely calculated with the surface heat transfer rate [10] - [13] . The temperature distribution within tool body is difficult to be obtained due to the complex calculation of moving heat source method [14] - [16] . The generated heat flux cannot be determined with the heat transfer model proposed by Zhao and Liu [17] due to the assumed constant rake face temperature. There is a shortage of method for integrated estimation of the generated heat flux and tool temperature in cutting Inconel 718.
In this research, we aim to propose a model for integrated estimation of the heat flux generated at tool-chip interface and tool temperature in cutting Inconel 718. Firstly, the onedimensional inverse heat conduction model of cemented carbide tool was established. Then, the generated heat flux was inversely calculated with the cutting temperature measured by two-color thermometer [18] . Lastly, the temperature distribution within cemented carbide tool was determined. The predicted heat flux values were verified accurate with the former research results from the modified Merchant's chip formation model.
II. MODEL AND SOLUTIONS OF HEAT FLUX GENERATED AT TOOL-CHIP INTERFACE AND TEMPERATURE DISTRIBUTION WITHIN TOOL BODY IN CUTTING INCONEL 718
As depicted in Fig. 1 , the heat flux generated at tool-chip interface is defined as q 0 . The heat partition coefficient R T is defined as the percentage of generated heat flux dissipated into tool body. As illustrated by Grzesik et al. [19] , [20] , the heat partition coefficient R T can be defined with Eq. (1).
where λ T and λ W are the thermal conductivity of cemented carbide tool and workpiece, respectively. α T and α W are the thermal diffusivity of cemented carbide tool and workpiece, respectively. The heat flux dissipated into tool body is assumed as R T q 0 . The heat flux dissipated into the moving chip is assumed as (1 − R T )q 0 . The one-dimensional heat conduction model is established from the radium point in tool-chip contact area with the x-coordinate perpendicular to the rake face of cemented carbide tool. As illustrated in researches [17] , the heat exchange coefficient h at tool-cutter arbor interface can be assumed as constant 4971 W/(m 2·• C). The heat convection between the tool and environment air (temperature T ∞ = 25 • C) can be neglected compared with the severe heat conduction within tools. The upper and bottom surface of the established model are assumed as adiabatic.
A. ANALYTICAL SOLUTION OF TEMPERATURE DISTRIBUTION WITHIN CEMENTED CARBIDE TOOL IN CUTTING INCONEL 718
Partial derivative equation for the thermal model in Fig. 1 (b) can be illustrated with Eq. (2).
Outer boundary conditions for the thermal model in Fig. 1 (b) are expressed with Eqs. (3) and (4). The analytical solution of temperature distribution within cemented carbide tool in cutting Inconel 718 was derived with Eq. (5).
B. ANALYTICAL SOLUTION OF HEAT FLUX GENERATED AT TOOL-CHIP INTERFACE IN CUTTING iNCONEL 718 WITH CEMENTED CARBIDE TOOL
The generated heat flux can be predicted with two analytical methods. The first analytical method is to inversely compute the generated heat flux with Eq. (5) by measuring tool rake face temperature. The analytical solution of generated heat flux is inversely defined with Eq. (6).
The second analytical method is to inversely compute the generated heat flux with Eq. (5). The temperature of the internal embedded point for K-type thermocouple within tool body is measured. The analytical solution of generated heat flux is inversely defined with Eq. (7).
III. MATERIAL AND EXPERIMENT DESIGN A. MATERIAL CHARACTERIZATION
As depicted in Fig. 2 , the optical microscope image for the workpiece of Inconel 718 was obtained with the large depth of field three-dimensional micro-system VHX-600E. The corroded surface of Inconel 718 was obtained by aqua regia within the duration time about 15 s. The phase composition and metallographic structure for the cemented carbide tool of Kennametal carbide 2210 were summarized in former research [21] . The thermal properties of Inconel 718 and substrate carbide were summarized in Figs. 3-5, respectively.
B. EXPERIMENT DESIGN
As depicted in Fig. 6 , dry turning experiment was conducted in CNC turning center. The cemented carbide tool The feed f was assumed as 0.1 mm/rev and cutting depth a p was assumed as 0.1 mm.
Cutting temperature in turning Inconel 718 was measured with the two-color thermometer. The measuring principle of two-color thermometer has been illustrated in former research [18] . One is noted that the cutting temperature was externally observed and measured in the chip which just flowed from cutting zone. The just flowed chip temperature was equal to the tool rake face temperature T x = 0 as mentioned in Eq. (6) .
The cutting forces were needed to be obtained to calculate the generated heat flux with the modified Merchant's chip formation model. The cutting forces in dry turning Inconel 718 with cemented carbide tool were measured with Kistler 9257B multicomponent dynamometer.
IV. RESULTS AND DISCUSSION
A. HEAT FLUX GENERATED AT TOOL-CHIP INTERFACE Cutting temperature measured with the two-color thermometer was depicted in Fig. 7 . The fitted curve was obtained with the form of exponential function. The increasing rate of measured cutting temperature with cutting speed was gradually decreased with cutting speed.
The material was assumed at the constant temperature under each cutting speed as depicted in Fig. 7 . According to Figs. 3-5, the thermal properties of Inconel 718 and cemented carbide tool were determined as the value at corresponding temperature with the scale difference method. Under each cutting speed, the heat partition coefficient was calculated with the specific thermal property of Inconel 718 and Kennametal carbide 2210 according to Eq. (1).
The calculated heat partition coefficient was plotted in Fig. 8 . The heat partition coefficient was decreased with increasing cutting speed in the form of exponential function. As referred to Figs. 3 and 5, the tool thermal conductivity and tool thermal diffusivity were decreased with increasing temperature. The decrease of tool thermal conductivity and tool thermal diffusivity can prevent more heat flux dissipate into tool body, thus inducing lower heat partition coefficient.
The heat flux q 0 generated at tool-chip interface was calculated with Eq. (6). The heat flux dissipated into tool body was calculated as R T q 0 . The variations of generated heat flux and heat flux dissipated into tool with cutting speed in the cutting process of Inconel 718 with cemented carbide tool were listed in Fig. 9 .
The heat flux q 0 and R T q 0 were increased with cutting speed. The increment of generated heat flux q 0 VOLUME 7, 2019 FIGURE 10. Temperature distribution within cemented carbide tool body away from rake face within cutting speed ranges 30-120 m/min. was 0.8543×10 6 , 1.3936×10 6 , 1.4924×10 6 W/m 2 for 60, 90, 120 m/min compared with the generated heat flux 2.0118×10 6 W/m 2 at cutting speed 30 m/min, respectively. The increment rate of generated heat flux was 42.46%, 69.27%, 74.18% for 60, 90, 120 m/min compared with the generated heat flux at cutting speed 30 m/min, respectively.
The increment of heat flux Rq 0 dissipated into tool body was 0.5846×10 6 , 0.9293×10 6 , 1.0035×10 6 W/m 2 for 60, 90, 120 m/min compared with the dissipated heat flux 1.5240×10 6 W/m 2 at cutting speed 30 m/min, respectively. The increment rate of heat flux dissipated into tool was 38.36%, 60.98%, 65.85% for 60, 90, 120 m/min compared with the heat flux dissipated into tool body at cutting speed 30 m/min, respectively. The increment rate of heat flux dissipated into tool body with cutting speed was lower than the increment rate of generated heat flux with cutting speed. It may be illustrated that the heat partition coefficient was decreased with increasing cutting speed, and the decreasing rate was increased with cutting speed. Thus, more generated heat flux can be prevented dissipate into tool body with increasing cutting speed.
B. TEMPERATURE DISTRIBUTION WITHIN CEMENTED CARBIDE TOOL BODY
The temperature distribution within tool body can be calculated with Eq. (5) as depicted in Fig. 10 . The temperature was decreased with the increase of distance away from rake face. Temperature interval T was proposed to analyze the temperature decrease between the rake face temperature and the reverse surface temperature of cemented carbide tool. The temperature interval T within cutting speed ranges of 30-120 m/min was depicted in Fig. 11 .
The temperature interval between rake face temperature and reverse face temperature of cemented carbide tool was increased with cutting speed. The increment of temperature interval was 48.38, 80.05, 87.11 • C for 60, 90, 120 m/min compared with the temperature interval 96.44 • C at cutting speed 30 m/min, respectively. The increment rate of temperature interval was 50.17%, 83.00%, 90.33% for 60, 90, 120 m/min compared with the temperature interval at cutting speed 30 m/min, respectively. The increase of temperature interval within tool body may induce severer tool thermal damage under higher cutting speed.
C. VERIFICATION
In order to verify the proposed model, the former modified Merchant's chip formation model was utilized to calculate the heat flux generated at tool-chip interface. The variations of measured cutting force F c , radial force F r and axial force F z with cutting speed were depicted in Fig. 12 . The generated heat flux at tool-chip interface can be calculated with Eqs. (8a)-(12a) in the Appendix.
The comparisons between the generated heat flux determined with the one-dimensional inverse heat conduction model and modified Merchant's chip formation model were depicted in Fig. 13 . In order to obtain the accuracy of proposed model, the relative error for the inverse model was obtained compared with Merchant's model. The variation of relative error with cutting speed was plotted in Fig. 14 . The relative error was less than 3% within cutting speed ranges 30-120 m/min. There are some advantages of the proposed model compared with the modified Merchant's chip formation model. The cutting force, tangential force and radial force were needed to be measured for the prediction of heat flux generated at tool-chip interface with Merchant's chip formation model. There was not necessary to measure cutting forces for predicting heat flux with the proposed model. The time assumed in calculating heat flux generated at toolchip interface with Merchant's chip formation model was about 2ms. But the calculated time by using the proposed model was only 0.5ms. The proposed model can decrease the calculated time about 75% compared with using Merchant's chip formation model (Matlab 2016a, Intel(R) Core(TM) i7-8550U CPU@1.80GHz). The temperature distribution within cemented carbide tool cannot be predicted directly with using Merchant's chip formation model. The proposed model can well predict the temperature distribution within tool body.
The schematic of verified experiment at cutting speed 60 m/min was illustrated in Fig. 15 . As shown in Fig. 15(a) , the temperature of internal point within carbide tool was measured with the embedded K-type thermocouple (WRNK-191, diameter φ0.5 mm, length 3000mm). As shown in Fig. 15(b) , the embedded hole was made with the electrical discharge machining (EDM), the distance of which away from the cutting zone was about 1.73 mm. As shown in Fig. 15(c) , the diameter of embedded hole was about φ1 mm. The distance of the embedded point away from tool rake face was about 0.74 mm. The distance of the embedded point away from cutting zone can be calculated as 1.88 mm according to the Pythagorean theorem at cutting speed 60 m/min. By analogy, the distance of the embedded point away from cutting zone can be calculated as 1.90 mm, 1.98 mm, and 1.89 mm at cutting speeds 30 m/min, 90 m/min and 120 m/min, respectively. One is noted that the tool thickness should be modified as 6.9 mm as shown in Fig. 15(b) with consideration of heat transfer direction. The heat exchanging coefficient between the tool hole and fixed pin was defined as 10 6 W/(m 2 · K). Thus, the temperature of embedded point can be predicted with Eq. (5).
As shown in Fig. 15(d) , the electric signals generated by thermocouple were collected with the multiple channel USB data acquisition module OM-DAQ-2401 (response time 2 ms). The temperature profile with time was depicted in the personal computer with the help of specific software as shown in Fig. 15(e) . The comparison between the measured temperature and predicted temperature was depicted in Fig. 16 . The relative error between the predicted model and experiment was depicted in Fig. 17 . The comparison results showed that the relative error between the predicted model and experimental measurement was less than 23% within cutting speed ranges 30-120 m/min. The proposed model can well predict the tool temperature in turning process.
V. CONCLUSION
In current study, one-dimensional inverse heat conduction model of cemented carbide tool is established and verified. Several conclusions are summarized as the followings.
(1) The heat flux generated at tool-chip interface and heat flux dissipated into tool were increased with cutting speed. The increment rate of generated heat flux was 42.46%, 69.27%, 74.18% for 60, 90, 120 m/min compared with the generated heat flux at cutting speed 30 m/min, respectively. The increment rate of dissipated heat flux was 38.36%, 60.98%, 65.85% for 60, 90, 120 m/min compared with the heat flux dissipated into tool body at speed 30 m/min, respectively. (2) The temperature was decreased with the increase of distance away from rake face. Temperature interval between rake face temperature and reverse surface temperature was increased with cutting speed for cemented carbide tool. The increment rate of temperature interval was 50.17%, 83.00%, 90.33% for 60, 90, 120 m/min compared with the temperature interval at speed 30 m/min, respectively. (3) The proposed model was verified accurate for predicting heat flux generated at tool-chip interface with the relative error less than 3% compared with the research results from modified Merchant's chip formation model within cutting speed ranges 30-120 m/min. (4) The proposed model is verified accurate for predicting tool temperature distribution with the relative error less than 23% compared with the temperature value measured with the embedded thermocouple in turning experiment. This study provides a useful model for integrated estimation of the generated heat flux and tool temperature distribution in cutting Inconel 718 with cemented carbide tool. The proposed model can be used for the prediction of heat flux and temperature distribution for other tool and workpiece pairs.
APPENDIX
The schematic of modified Merchant's chip formation model is depicted in Fig. 18 . Where φ is shear angle, γ is rake face angle, κ is cut edge radius. a p is uncut chip thickness, v c is cutting speed and v ch is chip sliding velocity. Where R and -R are the two equal and opposite forces which hold the chip in equilibrium. The force R is divided into cutting force F c and resultant feed force F. The resultant feed force F can be defined with Eq. (8a). The force -R is divided into friction force F T and normal force F N . λ is the friction angle between normal force F N and force -R.
The heat flux generated at tool-chip interface can be determined with Eqs. (8a)-(12a).
where F r is the radial force, F z is the axial force. λ = arctan F c sin γ + F cos γ F cos γ − F f sin γ (9a)
where w is the cut width.
The tool-chip contact length l c can be defined with Eq. (11a). The heat flux q 0 generated at tool-chip interface can be calculated with Eq. (12a).
